Gibberellic acid added to isolated barley aleurone layers enhances orthophosphate incorporation into chloroform-methanol-soluble compounds. The effect is measurable at 4 to 6 hours after the addition of gibberellic acid and reaches a maximum after 8 to 12 hours. The increase in the rate of orthophosphate incorporation is 3-to 5-fold over the rate in control layers incubated without gibberellic acid.
The seeds of the Gramineae consist of an embryo and an endosperm; the endosperm is composed of an inner starchy material surrounded by a layer of aleurone cells one to five cells thick. In barley, gibberellin-like substances secreted by the embryo during germination cause liquification of the endosperm (22, 30) . Aleurone layers, whether as part of intact, embryoless half-seeds or isolated from the endosperm, will respond to added gibberellic acid by synthesizing and secreting several hydrolytic enzymes (3, 5, 22, 29, 30) . Thus, the mobilization of reserves in the endosperm is under control of the germinating embryo via gibberellins (21, 24, 31) .
There is an 8-to 10-hr lag period (5) between the addition of GA to aleurone layers and the initiation of de novo synthesis of a-amylase (11) and protease (13) . Examination of events occurring during this lag period will aid in the understanding of the effects of GA on the aleurone layer and the processes required for the ultimate synthesis of GA-induced hydrolases.
During the lag period preceeding a-amylase synthesis there are several events controlled by GA which are directly related to protein synthesis. Jones (16) observed an increase in the amount of rough ER3 in electron micrographs of aleurone layers treated with GA for 10 hr. Evins and Varner (9) showed an increased incorporation of choline in vivo into a semipurified microsomal pellet starting after 4 hr of GA treatment.
Two enzymes, phosphorylcholine-cytidyl transferase and phosphorylcholine-glyceride transferase, of the CDP-choline pathway for lecithin synthesis show increased activity within 2 hr of the addition of GA, reaching a maximum after 12 hr of GA treatment (14) . Finally, enhanced polyribosome formation and an increase in the total number of ribosomes were observed after 4 to 5 hr and reached a maximum within 10 to 15 hr of GA treatment (8) .
Preliminary experiments showed that GA also enhanced the incorporation of 'Pi into chloroform-methanol-soluble components of aleurone layers. Phosphate is a general label for all phospholipids and proved to give consistent results. Thus a detailed study of the control of phospholipid labeling by 3Pi was undertaken to further define processes required for GAdependent hydrolase production.
MATERIALS AND METHODS
Preparation of Aleurone Layers. Aleurone layers were prepared from barley half-seeds (Hordeum vulgare L. cv. Himalaya; seeds from the 1969 harvest supplied by the Agronomy Club, Washington State University, Pullman, Wash.) essentially following the methods of Chrispeels and Varner (5) . In most experiments duplicate samples of 10 layers were shaken in a 25-ml Erlenmeyer flask with 2 ml of incubation medium. In some cases 20 to 30 layers were incubated in a 50-ml flask with 5 to 6 ml of incubation medium. The incubation medium contained 1 mm Na acetate buffer, pH 5.0; 20 mm CaCI2: 20 Radioactivity in organic phosphates was assayed by the method of Saha and Good (27) . This procedure results in the partitioning of all inorganic phosphate into a butanolbenzene phase as a phosphomolybdate complex. Therefore, all radioactivity in the aqueous phase can be attributed to 32Pi incorporated into organic compounds (including pyro-or polyphosphates). The exact nature of these organic phosphates was not determined, but it is assumed that they include nucleotides, sugar phosphates, etc. Not included are the phospholipids which partition into the butanol-benzene phase, or RNA and phosphoproteins which are precipitated and removed by a filtration step. In this system, however, these compounds represent only a small percentage of the total radioactivity measured in either the upper or lower phase. Counting the butanolbenzene phase gives an estimate of 32Pi in the aleurone layers.
It was found that the ratio, 'Pi uptake, was fairly constant throughout any given experiment. Therefore, results are expressed in terms of uptake rather than 32Pi even though both measurements were made. Uptake includes incorporated 3P as well as 'Pi and gives a better estimate of the total amount of 32Pi entering the cells.
Phospholipids were isolated following the procedures of Folch et al. (12) . Usually 1 ml of supernatant was vigorously extracted with 4 to 5 ml of chloroform-methanol (2:1, v/v). (23). This mixture has the advantage of being able to solubilize phospholipids as well as adequately emulsify aqueous samples.
RESULTS
Time Course of Phospholipid Labeling. Figure 1 shows a typical time course of the rate of 'Pi incorporation into phospholipids in the presence and absence of GA. After 4 hr the rate of incorporation of 'Pi into phospholipids increases rapidly, reaching a maximum 8 to 12 hr after addition of GA. The rate of incorporation then decreases and approximates the level of the -GA control by 18 to 24 hr.
Some phospholipid labeling also occurs in -GA tissue. The rate of labeling is relatively constant for 18 hr and increases somewhat by 24 hr.
The uptake of '2Pi varies during the 24-hr time course in both control and GA-treated aleurone layers (Fig. 2, lower) . The usual pattern is that uptake in hormone-treated layers is equal to or greater than uptake in control layers at early times but decreases to much lower levels with longer incubation periods.
These changes in uptake are directly reflected in the incorporation of "2Pi into phosphate-containing organic compounds ( Fig. 2, upper) . In addition, the relative rates of 'Pi incorporation into phospholipids are probably affected in a similar manner. Therefore, we decided that a more accurate measurement of phospholipid labeling could be obtained by expressing. 32Pi incorporation into phospholipids as a percentage of 32Pi incorporation into the total organic phosphate fraction. In this way, 32Pi incorporation into phospholipids is adjusted for differential rates of labeling of the organic phosphate pools, whether such differences are due to uptake or various metabolic effects. Assuming a single 32Pi pool and a single organic phosphate pool, an increase in the ratio of phospholipid radioactivity to organic phosphate radioactivity indicates a true increase in the rate of phospholipid labeling since all immediate phospholipid precursors are a part of or are derived from what is measured as organic phosphate.
When the data are expressed in this manner (Fig. 3) , the time course is only slightly different from that of Figure 1 . The rate of phospholipid labeling in GA-treated layers still has a maximum at 8 hr, but the decrease is more gradual and approaches the level of the control layers only after 24 hr. The maximum effect of GA is usually 3-to 5-fold when data are expressed as a percentage whereas the absolute incorporation of 'mPi into phospholipids may increase 7-to 10-fold or more due to increased 'Pi uptake. Thus, the phospholipid to organic phosphate ratio actually gives a more conservative estimate of the enhancement by GA of phospholipid labeling.
There is variability in the phospholipid to organic phosphate ratio obtained from different experiments. Incubation of halfseeds instead of isolated aleurone layers and the lengths of the pulse and chase periods also affect this ratio. Regardless of the numerical value obtained, however, the enhancement by GA of phospholipid labeling falls in the range of 3-to 5-fold within any one experiment.
Characterization of 32Pi Incorporation. To be sure that the GA enhancement of phospholipid labeling was not due to an artifact of grinding or fractionation, all fractions obtained by differential centrifugation of an aleurone layer homogenate were examined. The 4,000g and 10,000g pellets as well as the supernatant from plus and minus GA treatments were extracted with chloroform-methanol, and the phospholipids were counted. Table I shows that the GA enhancement of 2Pi incorporation into phospholipids occurs in all three cell fractions. The 4,000g pellet which contains unbroken cells, cell debris, and nuclei; the 10,000g pellet which is enriched for mitochondria; and the supernatant which contains the microsomal fractions all show an 11-to 12-fold stimulation of incorporation by GA. Within the -GA or +GA treatments. the relative distribution of radioactivity among the fractions is constant.
Results show that the effect of GA on the incorporation of 3"Pi into phospholipids in the supernatant fraction is not an artifact due to better homogenization of +GA layers or a differential distribution of radioactivity among fractions of different treatments. Other experiments demonstrated the particulate nature of the phospholipids from the 10,000g supernatant. It was found that 80 to 90% of the chloroform-methanol-soluble 32P in the 1 0,000g supernatant was pelleted by centrifugation at 1 05,000g for 1 hr. Furthermore, 95% of the pelleted radioactivity was solubilized by treatment with 0.1% Triton X-100 and was not repelleted by a second centrifugation. This indicates that the phospholipid radioactivity examined in the 1 0,000g supernatant is membrane-localized.
Final confirmation of the assumption that chloroformmethanol-soluble 'P-radioactivity from various cell fractions actually represents phospholipids comes from two-dimensional TLC of the chloroform-methanol extracts. Sprays specific for phosphate, amino groups, and choline as well as chromatography of authentic standards gave a positive identification of the phospholipids. Individual phospholipids were located both chemically and by the presence of radioactivity. Over 90% of the radioactivity on each TLC plate could be attributed to known phospholipids.
The GA-enhanced increase in radioactivity seemed to be distributed among most of the labeled phospholipids (Table II) . Small increases in the relative amounts of radioactivity in phosphatidyl choline, phosphatidyl ethanolamine, and phosphatidyl inositol at the expense of phosphatidyl glycerol have occurred after 10 hr of GA treatment. The amount of radioactivity in phosphatidic acid is not consistent and is probably due to degradation of other phospholipids. On the whole, hormone treatment did not drastically affect the percentage of the total radioactivity for any one phospholipid but rather resulted in a proportionate increase in labeling of all phospholipids (except phosphatidyl glycerol).
Effects of Metabolic Inhibitors. The GA-induced enhancement of a-amylase synthesis is inhibited to varying degrees by several metabolic inhibitors (5, 6) . Cycloheximide completely inhibits a-amylase synthesis almost immediately, while the inhibition by actinomycin D is less severe. Figure 4 shows that phospholipid labeling is also rapidly inhibited by cycloheximide. One hour after the addition of cycloheximide, the rate of phospholipid labeling in +GA control layers has increased, but this increase is prevented in layers treated with cycloheximide.
Another type of experiment shows that for short treatment periods (up to 2 hr), cycloheximide inhibits GA-enhanced Table II . Relative Distribution of Radioactivity in Inidividual Plhospholipids Aleurone layers were incubated with or without GA for 10 hr and pulse-labeled with 3"Pi. Total phospholipids were analyzed by grinding the layers directly in chloroform-methanol followed by TLC of the washed extracts. Approximately 3,000 cpm and 25,000 cpm were analyzed for -GA and +GA samples, respectively. The compounds listed below account for 97 and 92%, respectively, of the radioactivity which was analyzed. Phosphatidyl ethanolamine 13 18 Phosphatidyl inositol 14 20 Phosphatidyl glycerol 17 6
Cardiolipin (tentative) Half-seeds were preincubated in GA for 10 hr. At 0 time on the graph aleurone layers were removed from the halfseeds and cycloheximide (10 ,ug/ml final concentration) was added to one set of flasks. At subsequent intervals layers were labeled with "Pi for 30 min followed by a 15-min chase and phospholipid extraction. (Table III) . These experiments indicate that there is a requirement for continued protein synthesis, in order for a GA enhancement of phospholipid labeling to take place. Cycloheximide specifically inhibits hormone-induced increases in the rate of phospholipid labeling within 1 hr. On the other hand, the possibility does exist that the inhibition of 'Pi incorporation into phospholipids by cycloheximide is due to indirect effects of the drug, rather than a direct inhibition of protein synthesis.
In a similar experiment, 6-methylpurine was also shown to inhibit GA-enhanced phospholipid labeling (Fig. 5) . While the rate of phospholipid labeling continues to increase in layers treated with only GA, 6-methylpurine has inhibited most of this increase after 2 hr, and after 4 hr the inhibition is even greater.
Another inhibitor of RNA synthesis, actinomycin D, also inhibits GA-enhanced phospholipid labeling (Table IV) . When actinomycin D is added at the same time as GA, concentrations of 100 and 50 ,ug/ml inhibit phospholipid labeling, but there may be a slight stimulation at 25 jug/ml. The extent of inhibition is approximately the same as was found for aamylase production when measured after 24 hr (5).
The effects of RNA synthesis inhibitors on phospholipid Aleurone layers were removed from half-seeds after a 7-hr incubation in GA. Incubations were continued in GA with or without 1 mM 6-methylpurine. At 0, 2, and 4 hr layers were pulsed 30 min with "Pi followed by a 15-min chase and phospholipid extraction. . 6 . The response of phospholipid labeling to increasing concentrations of GA. Aleurone layers were incubated in solutions of the indicated GA concentration for 10 hr. They were then pulselabeled with 32Pi, and phospholipids were extracted. labeling correspond to the effects on a-amylase synthesis; i.e., 6-methylpurine is a more effective inhibitor than actinomycin D and is effective when added during the mid-course of GA action. These results suggest a requirement for RNA synthesis in order to obtain GA-enhanced phospholipid labeling. However, the possibility of interference with other metabolic processes resulting in a decreased rate of phospholipid labeling cannot be ruled out.
Hormonal Control. The response of phospholipid labeling to increasing concentrations of GA is shown in Figure 6 . Plant Physiol. Vol Abscisic acid inhibits the GA-induced production of aamylase in barley aleurone layers (6) . It also inhibits the GAenhanced incorporation of 32Pi into phospholipids. When ABA is added to GA-treated layers, any further enhancement of the rate of phospholipid labeling is prevented (Fig. 7) . Other experiments showed no effect of ABA on the basal rate of phospholipid labeling in -GA control layers, whether ABA was added at 0 time or several hours after the addition of GA.
The effect of increasing concentrations of ABA on the rate of phospholipid labeling is shown in Figure 8 . There is no inhibition of the GA response until the ABA concentration reaches 0.1 AuM. At 1.0 ,uM, phospholipid labeling has been reduced to the level of the -GA layers. The inhibition of phospholipid labeling is sensitive to the concentration of ABA over two orders of magnitude when the ABA is added at 0 time.
Additional Biochemical Data. In an effort to learn more about the nature of the phospholipid labeling enhanced by GA. the incorporation of "4C-acetate by aleurone layers was (Table VI) . When the separate cell fractions were analyzed, the relative distribution of phospholipids in the pellets and the supernatant resembled the distribution of radioactivity in these fractions (Table I) . That is, the 4,000g pellet, the 10,000g pellet, and the 10,000g supernatant contained 65, 14 and 21%, respectively, of the total phospholipid phosphorus in the cell. There were no effects of incubation time or GA on this distribution.
Data presented in this section suggest that the increase in 'Pi incorporation into phospholipids does not involve net synthesis of phospholipids but occurs during turnover of existing lipid or phospholipid components.
DISCUSSION
To study the control of phospholipid synthesis it must first be established that: (a) the radioactivity measured is actually incorporated into phospholipids; and (b) a change in the rate of incorporation of 3'Pi into phospholipids is an accurate measurement of phospholipid labeling and is not merely a reflection of variations in the uptake or metabolism of 3'Pi.
The first point is adequately covered by the extraction and characterization procedures. Chloroform-methanol extraction followed by a wash of the chloroform phase to break emulsions insures that only 3P in phospholipids is counted. Thin layer chromatography of extracts verified that all 3P present was incorporated into phospholipids.
To insure that the measured rates of 'Pi incorporation into phospholipids were representative of in vivo metabolism, 'Pi uptake and incorporation into organic phosphates were also monitored. Since all 3P incorporated into phospholipids will have passed through the organic phosphate pool, this pool represents the precursor pool of 3P for phospholipid synthesis.
Therefore, the incorporation of 'Pi into organic phosphates can be used as an internal standard to estimate the level of 3-P which is available for phospholipid labeling. Use of the ratio, phospholipid 32P to organic 3P, corrects the level of radioactivity in phospholipids for any differences in labeling of the organic phosphate pools. The result is an accurate measurement of the relative rate of phospholipid labeling. All variations in '2Pi uptake, internal pools of 'Pi, and the rate of incorporation of 3'Pi into organic compounds are taken into account by such a calculation.
The enhancement by GA of the rate of incorporation of 32Pi into phospholipids can now be added to the series of events which precede a-amylase production in barley aleurone layers.
The response is initiated 4 to 6 hr after the addition of GA and increases to a maximum after 8 to 12 hr. This time course is in good agreement with the work of Evins (8) which showed GA-enhanced polysome formation and an increase in the number of ribosomes over the same time period. Thus there is a concomitant increase in two cellular components having a major role in protein synthesis. The decline in the rate of phospholipid labeling occurs during the time when the amount of polysomes has also reached a plateau and a linear rate of a-amylase production has been established.
The work of Collins et al. (7) showed an increase in the specific activity of 3'Pi-labeled CTP 30 and 90 min after the addition of GA to wheat aleurone layers. This implies a more rapid turnover of CTP at early incubation times with GA. Since CTP has a fundamental role in phospholipid synthesis, this effect could be related to the enhancement of phospholipid labeling observed in barley. However, there is a discrepancy in the timing of the events, since the GA effect on the specific activity of CTP has disappeared by 2 hr while increases in phospholipid labeling do not begin until after 4 hr of GA treatment.
A possible role for the increased '3Pi incorporation into phospholipids during the subsequent production of a-amylase and other hydrolases is suggested by the metabolic and hormonal controls. Cycloheximide rapidly inhibits any GA-enhanced increase in the rate of phospholipid labeling without affecting the basal rate in control tissue. The same is true of 6-methylpurine.
The function of ABA as an antagonist of GA action has been documented for lettuce seed germination (18) , germination of hazel seeds (25) , and in the aleurone layer system for inhibition of a-amylase production (4), polysome formation (10), and production of lecithin-synthesizing enzymes (14) . Abscisic acid also causes a rapid and specific inhibition of the GA enhancement of the rate of phospholipid labeling. This inhibition is dependent on ABA concentration. Complete inhibition is obtained at 1 ,uM ABA, which means that phospholipid labeling is more sensitive to ABA than seed germination and is as sensitive as other processes in aleurone layers cited above.
It has also been shown (20) that the rate of 3'Pi incorporation into phospholipids is inhibited by osmotic stress. The inhibition closely resembles the degree of inhibiton of a-amylase production by mannitol (15) and again is specific for the GAinduced increase in the rate of phospholipid labeling.
Attempts at mimicking the stimulation by GA of phospholipid labeling have failed. Cyclic AMP did not enhance the rate of phospholipid labeling in the presence or absence of GA (19) . The addition of amino acids to the incubation medium likewise will not substitute for GA with respect to either aamylase production or phospholipid labeling (Varner and Koehler, unpublished results).
There was no indication of a specific stimulation of phospholipid labeling associated with the microsomal fraction of the aleurone cells. Phospholipid radioactivity had the same enhancement by GA in the 4,000g pellet, the 10,000g pellet, and the 10,000g supernatant (Table I ). The chemical level of phospholipid phosphorus closely paralleled the content of phospholipid-3'P in all three cell fractions. Consequently, the specific activity of the phospholipids remained constant from fraction to fraction. The presumably ER-rich supernatant showed no increase in total phospholipid phosphorus due to GA treatment. There is the possibility of cross contamination of membranes among the cell fractions. Aleurone cells have very thick cell walls, and the severe grinding procedures needed to insure cell breakage could disrupt organelles. Although purified membrane fractions were not examined, these data provide no evidence that synthesis of ER over the time period studied is preferentially enhanced. The GA enhancement of "2Pi incorporation into phospholipids seems to be a general phenomenon throughout the cell. The increased incorporation of radioactivity cannot be attributed to any specific type of membrane or to any individual phospholipid. 
